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（ 続紙 １ ）                             
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論文題目 
Fluctuations in QCD phase diagram in the strong coupling limit of lattice QCD 
(強結合極限格子 QCD による有限温度・密度における揺らぎの研究) 
（論文内容の要旨） 
 
We investigate field fluctuation effects and fluctuation observables on the QCD phase diagram by 
using the strong coupling limit of lattice QCD. 
 
The phase diagram of Quantum Chromodynamics (QCD) has been attracting attention both from 
theoretical and experimental points of view. QCD phase transition at zero baryon density took place in 
the early universe, and is extensively investigated in recent high-energy heavy-ion collision 
experiments. Quarks and gluons are confined and the chiral symmetry is spontaneously broken as the 
temperature approaches the transition temperature from above. The phase transition is found to be a 
continuous crossover in the lattice QCD Monte Carlo simulation, which is the non-perturbative first-
principles method of QCD. By comparison, phase transition at high density may be realized in compact 
star phenomena, and is expected to be realized in lower-energy heavy-ion collisions. It is expected that 
there exists a critical point, which connects the crossover transition at lower densities and the first-
order phase transition boundary at higher densities. Fluctuations of net-baryon number at mid-rapidity 
are investigated as a promising signal of the critical point. It is not easy to confirm the existence and 
the location of the critical point in lattice QCD, since there is the sign problem at finite density.  
 
In this thesis, we investigate the QCD phase diagram and properties of QCD matter at finite 
temperature and density by using the strong coupling approach of lattice QCD. The strong coupling 
approach of lattice QCD is one of the ways to circumvent the sign problem at finite density, and has 
been applied to study the QCD phase diagram mainly in the mean field approximation. In order to 
evaluate fluctuation observables, we need to take account of fluctuation effects beyond the mean field.  
In the first part of this thesis, we investigate the QCD phase diagram with field fluctuation effects in 
the strong coupling and chiral limits. We utilize an effective action in the strong coupling limit derived 
from the lattice QCD action with one species of unrooted staggered fermion in the leading order of the 
large dimensional expansion. We introduce auxiliary fields via the extended Hubbard-Stratonovich 
transformation of four Fermi interaction terms, and perform integral by using the auxiliary field Monte 
Carlo (AFMC) method. Fluctuation effects beyond the mean field approximation are thus taken into 
account. When we evaluate observables, we introduce a new method referred to as the chiral angle 
fixing (CAF) to obtain an appropriate order parameter, the chiral condensate, on a fixed size lattice in 
the symmetry breaking phase. After applying CAF, the order parameters show the phase transition 
behavior, and we have obtained the QCD phase boundary. The obtained QCD phase diagram is almost 
consistent with that obtained in another independent method, the monomer-dimer-polymer simulation. 
We can conclude that the QCD phase boundary in the strong coupling and chiral limits is finally 
determined. We also study an origin of the sign problem in AFMC. We find that the high-momentum 
auxiliary fields give rise to the sign problem. 
Next, we investigate net-baryon number cumulants in the strong coupling and chiral limits. Higher-
order cumulants, correlated part of the moments, of the net-baryon number are considered to be 
sensitive to the criticality at finite density. For example, the fourth-order cumulant positively diverge in 
the thermodynamic limit according to the scaling function analysis at finite density. We calculate net-
baryon number cumulants in the chiral limit on a finite size lattice, and find that the third and fourth -
order cumulants show oscillatory behaviors as functions of temperature due to the finite size effect. We 
also demonstrate that there exists a negative region of the fourth-order cumulant, which would provide 
clear signals of criticality. This result implies the importance of the finite size effects in understanding 
the observed non-monotonic behavior of cumulant ratios as a function of colliding energy. Our studies 
may be of help for constructing a finite-size scaling function in the chiral limit, and the scaling function 
with regard to both the finite size and the mass effects. 
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